miR-7 (microRNA-7) has been characterized as a tumour suppressor in several human cancers. It targets a number of proto-oncogenes that contribute to cell proliferation and survival. However, the mechanism(s) by which miR-7 suppresses tumorigenesis in TSCC (tongue squamous cell carcinoma) is unknown. The present bioinformatics analysis revealed that IGF1R (insulin-like growth factor 1 receptor) mRNA is a potential target for miR-7. Ectopic transfection of miR-7 led to a significant reduction in IGF1R at both the mRNA and protein levels in TSCC cells. Knockdown of miR-7 in TSCC cells enhanced IGF1R expression. Direct targeting of miR-7 to three candidate binding sequences located in the 3 -untranslated region of IGF1R mRNA was confirmed using luciferase-reporter-gene assays. The miR-7-mediated down-regulation of IGF1R expression attenuated the IGF1 (insulin-like growth factor 1)-induced activation of Akt (protein kinase B) in TSCC cell lines, which in turn resulted in a reduction in cell proliferation and cell-cycle arrest, and an enhanced apoptotic rate. Taken together, the present results demonstrated that miR-7 regulates the IGF1R/Akt signalling pathway by post-transcriptional regulation of IGF1R. Our results indicate that miR-7 plays an important role in TSCC and may serve as a novel therapeutic target for TSCC patients.
INTRODUCTION
OSCC (squamous cell carcinoma of the oral cavity) is one of the undertreated and understudied cancer types. According to the American Cancer Society [1, 2] , although overall new cancer cases increased by approx. 8 % during the past 5 years, new cases for OSCC increased by approx. 21 %. New cases for TSCC (tongue squamous cell carcinoma), one of the most common subtypes of OSCC, increased by more than 37 % in the same period. More strikingly, although the number of deaths associated with all cancers decreased, the number of deaths associated with OSCC increased by 4 %, and those associated with TSCC increased by over 10 %, during the past 5 years. These statistics indicate a major health problem and emphasize the immediate need for a better understanding of this disease process. Although attempts have been made to identify molecular mechanisms that contribute to the tumorigenesis of TSCC, most studies have focused on protein-coding genes. Our knowledge of genomic aberrations associated with non-coding genes [e.g. miRNA (microRNA)] and their contributions to the onset and propagation of TSCC is relatively limited.
miRNAs are small endogenous non-coding RNAs that control target-gene expression at post-transcriptional levels in a sequencespecific manner. They are believed to be part of a network wherein a modest change in the level of one miRNA will set off a chain reaction involving multiple genes of the same or different pathways [3] . It is currently estimated that the human genome may have 800-1000 miRNAs [4] . Although they account for only a minor fraction of the expressed genome, miRNAs are essential regulators of diverse cellular processes, including proliferation, differentiation, apoptosis, survival, motility, invasion and morphogenesis. Many miRNAs are implicated as proto-oncogenes or as tumour suppressors and are aberrantly expressed in various cancer types, including TSCC [5] [6] [7] [8] [9] . miR-7 (miRNA-7) has been characterized as a tumour suppressor in several human cancers. It targets a number of proto-oncogenes, including IRS1 (insulin receptor substrate 1), IRS2, EGFR (epidermal growth factor receptor), RAF1 (v-raf-1 murine leukaemia viral oncogene homologue 1) and PAK1 (p21/CDC42/RAC1-activated kinase 1) [10] [11] [12] . Our previous studies have indicated that miR-7 is down-regulated in advanced TSCC [7, 8] . However, the potential role(s) of miR-7 in TSCC is unknown. Given the diversity and overlapping nature of the identified targets in terms of function, it is likely that additional miR-7 targets exist that may contribute to the tumorigenesis of TSCC. The present study determined that IGF1R [IGF1 (insulinlike growth factor 1) receptor] is a novel target of miR-7 in TSCC. Furthermore, we were able to demonstrate that miR-7-mediated down-regulation of IGF1R attenuated the IGF1-induced Abbreviations used: EGFR, epidermal growth factor receptor; ERK, extracellular-signal-regulated kinase; HRP, horseradish peroxidase; IGF1, insulinlike growth factor 1; IGF1R, IGF1 receptor; IRS, insulin receptor substrate; LNA, locked nucleic acid; miRNA, microRNA; miR-7, miRNA-7; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide; OSCC, squamous cell carcinoma of the oral cavity; PAK1, p21/CDC42/RAC1-activated kinase 1; p-Akt, phospho-Akt; PBST, PBS containing 0.05 % Tween 20; p-ERK1/2, phospho-ERK1/2; PIK3CD, PI3K (phosphoinositide 3-kinase) p110 catalytic subunit δ; PNA, peptide nucleic acid; RAF1, v-raf-1 murine leukaemia viral oncogene homologue 1; RT-PCR, reverse transcription-PCR; siRNA, small interfering RNA; TSCC, tongue squamous cell carcinoma; 3 -UTR, 3 -untranslated region. 1 To whom correspondence should be addressed (email xfzhou@uic.edu).
activation of Akt (protein kinase B) and led to reduced cell proliferation and cell-cycle arrest, and to an increase in apoptosis rate.
EXPERIMENTAL

Cell culture and transfection
The TSCC cell lines UM1 and UM2 were used in the present study. These are paired cell lines that were generated from a single patient with TSCC [13] . UM1 has been shown to exhibit enhanced proliferation, invasion and migration, and reduced apoptosis compared with UM2 cells [7, 14] . These cells were maintained in Dulbecco's modified Eagle's medium/F12 supplemented with 10 % (v/v) fetal bovine serum, 100 units/ml penicillin and 100 μg/ml streptomycin (Gibco) at 37
• C in a humidified incubator containing 5 % CO 2 . For functional analysis, miR-7 mimics and non-targeting miRNA mimics (Dharmacon), anti-miR-7 PNA (peptide nucleic acid) and negative-control PNA (Panagene), and gene-specific siRNA (small interfering RNA) (On-TargetPlus SMARTpool TM ; Dharmacon) were transfected into cells using DharmaFECT ® transfection reagent 1 as described previously [5, 7, 8] . The resultant changes in miR-7 levels were confirmed by quantitative real-time PCR (see Supplementary Figure S1 at http://www.BiochemJ.org/bj/432/ bj4320199add.htm).
Western blot analysis
Western blotting was performed using specific antibodies against EGFR (Cell Signaling β-Actin (Sigma) was used as an internal control. In brief, after washing with ice-cold PBS three times, cells were lysed in RIPA buffer (150 mM NaCl, 10 mM Tris/HCl, pH 7.4, 0.5 % Triton X-100 and protease inhibitors (Sigma)], homogenized on ice, and centrifuged at 13 500 g at 4
• C for 15 min. The supernatant was collected and stored at −80
• C until use. Protein concentration was determined using the Bradford assay (Bio-Rad Laboratories). Extracted protein (25 μg) was loaded on to 12 % Tris-polyacrylamide gels (SDS/PAGE, Bio-Rad Laboratories). The proteins were then transferred on to nitrocellulose membranes (Whatman). The membranes were blocked using 5 % (w/v) non-fat dried skimmed milk powder, washed in Tris-buffered saline containing 0.05 % Tween 20, and incubated with primary antibodies at room temperature (25
• C) for 1 h or overnight at 4
• C. The membranes were washed three times in PBST (PBS containing 0.05 % Tween 20), incubated for 1 h with appropriate secondary antibodies conjugated to HRP (horseradish peroxidase), washed three times in PBST, and treated with the Immun-Star TM HRP Chemiluminescence Kit peroxide buffer and luminol/enhancer (Bio-Rad Laboratories) for detection of protein bands.
Dual-luciferase reporter assay
An 85-bp fragment from the 3 -UTR (3 -untranslated region) of the IGF1R gene (position 7635-7720, GenBank ® accession number NM_000875, containing the miR-7-binding site E1), an 81-bp fragment from the 3 -UTR of IGF1R (position 7835-7916, GenBank ® accession number NM_000875, containing the miR-7-binding site E2) and an 78-bp fragment from the 3 -UTR of IGF1R (position 10054-10132, GenBank ® accession number NM_000875, containing the miR-7-binding site E3) were cloned into the XbaI site of the pGL3 firefly luciferase reporter vector (Promega). The corresponding mutant constructs were created by mutating the seed regions of the miR-7-binding sites. The constructs were then verified by sequencing. Cells were transfected with the reporter contructs containing the targeting sequence from the IGF1R 3 -UTR (named pGL-E1, pGL-E2 and pGL-E3) or its mutant (named pGL-E1m, pGLE2m and pGL-E3m) using Lipofectamine TM 2000 (Invitrogen). The pRL-TK vector (Promega) was co-transfected as an internal control for normalization of the transfection efficiency. The luciferase activities were then determined as described previously [5, 8] using a Lumat LB 9507 luminometer (Berthold Technologies).
Real-time RT-PCR (reverse transcription-PCR) analysis
The relative level of miR-7 was determined using a mirVana TM qRT-PCR miRNA Detection Kit (Ambion) as described previously [7] . The relative mRNA levels of IGF1R were examined using a quantitative two-step RT-PCR assay with genespecific primer sets (OriGene) as described previously [5] . The relative expression level was determined using the 2 − Ct analysis method [15] , where actin was used as an internal reference.
Proliferation assay
Cell proliferation was measured using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide] assay as described previously [16] , with minor modifications. In brief, at 48 h post-transfection, the transfection medium in each well was replaced by 100 μl of fresh serum-free medium with 0.5 g/l MTT. After incubation at 37
• C for 4 h, the MTT medium was removed by aspiration and 50 μl of DMSO was added to each well. After incubation at 37
• C for a further 10 min, the A 540 of each sample was measured using a plate reader.
Flow-cytometry-based apoptosis and cell-cycle analysis
Cells were grown in six-well plates to approx. 60 % confluence and transiently transfected with the desired miRNA or siRNA reagents. At 48 h post-transfection, cells were harvested for apoptosis and cell-cycle analysis. For the apoptosis assay, cells were resuspended in 1 × binding buffer (Clontech), and 5 μl of annexin-FITC conjugate and 10 μl of propidium iodide solution were added to each cell suspension separately. For cell-cycle analysis, cells were resuspended in PBS and then fixed in ethanol at −20
• C overnight. Cells were washed with PBS and resuspended in staining solution (50 μg/ml propidium iodide, 1 mg/ml RNase A and 0.1 % Triton X-100 in PBS). The stained cells (1 × 10 5 ) were then analysed with a flow cytometer (FACScalibur; Becton Dickinson).
Statistical analysis
Statistical analysis was performed using a Student's t test. Differences with P < 0.05 were considered statistically significant.
RESULTS
The candidate targets for miR-7 were predicted using TargetScanHuman 5.1 [17] (Table 1) . Among the predicated miR-7 targets, several are signalling molecules that are involved in the Akt Table 1 
Predicted miR-7 targets involved in Akt and EGFR signalling
Targets for miR-7 were predicted using TargetScanHuman 5.1. P CT , probability of conserved targeting.
Conserved sites
Poorly conserved sites Gene symbol Gene name Total 8-mer 7-mer-m8 7-mer-1A Total 8-mer 7-mer-m8 7-mer-1A Aggregate P CT Total context score References
IGF1R
Insulin 12] *No conserved miR-7-targeting site was predicted by TargetScan in PAK1 mRNA sequence. A poorly conserved miR-7-target site was predicted in the 3 -UTR of the PAK1 gene. The miR-7 interaction with this target site was experimentally validated previously [12] .
and EGFR signalling pathways. These include the previously identified miR-7 targets such as IRS1, IRS2, EGFR, RAF1 and PAK1 [10] [11] [12] , as well as the novel targets IGF1R and PIK3CD. The effects of miR-7 on the expression levels of these predicted targets were examined in a pair of TSCC cell lines (UM1 and UM2) that originated from a single TSCC patient [13] . Our previous studies have indicated that UM1 exhibits a reduced miR-7 level compared with UM2 cells [7, 8] . As illustrated in Figure 1 , when UM1 cells were treated with miR-7 mimic, reductions in the protein levels of IGF1R, IRS2 and PAK1 were consistently observed. No apparent change in the expression of IRS1 and EGFR was observed. PIK3CD was minimally expressed in UM1 cells, and RAF1 was not detectable in UM1 cells. Conversely, knockdown of miR-7 in UM2 cells by anti-miR-7 PNA treatment resulted in a significant increase in the expression of IGF1R and IRS2. The PAK1 level was also slightly elevated upon miR-7 knockdown. However, no apparent change in the IRS1 and EGFR levels was observed, and, similar to the UM1 cells, PIK3CD and RAF1 were not detectable in UM2 cells.
Three miR-7-targeting sequences were identified in the 3 -UTR region of IGF1R mRNA (Figure 2A ). The first two targeting sequences (E1 located at position 7667-7689 and E2 located at position 7868-7890) are poorly conserved targeting sites. The third sequence (E3 located at 10084-10106) is a highly conserved targeting site for miR-7 (see Supplementary Figure  S2 at http://www.BiochemJ.org/bj/432/bj4320199add.htm). To confirm that miR-7 directly targets these sequences, dualluciferase reporter assays were performed using the construct in which these targeting sites were cloned into the 3 -UTR of the reporter gene (pGL-E1, pGL-E2 and pGL-E3). As illustrated in Figure 2 (B), for cells transfected with all three reporter-gene constructs and treated with miR-7 mimic, the luciferase activities were significantly reduced as compared with the cells treated with control mimic. Similar results were also obtained from the construct containing both E1 and E2 sites (see Supplementary Figure S3 at http://www.BiochemJ.org/bj/432/bj4320199add. htm). When the seed regions of the targeting sites were mutated (pGL-E1m, pGL-E2m and pGL-E3m), the miR-7 effects on luciferase activity were abolished. Furthermore, as shown by quantitative real-time RT-PCR ( Figure 2C ) and Western blotting ( Figure 2D ), ectopic transfection of miR-7 reduced the level of IGF1R at both the mRNA and protein levels. Knockdown of miR-7 led to increases in both IGF1R mRNA and protein. Thus these results demonstrated that miR-7 regulates IGF1R expression by directly targeting the 3 -UTR of the IGF1R mRNA.
Since IGF1R is a major player in the activation of the Akt signalling pathway, we investigated the effect of miR-7-mediated down-regulation of IGF1R on Akt phosphorylation. As illustrated in Figure 3 (A), although the total Akt level was constant, the levels of p-Akt at both residues Thr 308 and Ser 473 were reduced after cells were treated with miR-7 mimic for 48 h. On the contrary, the level of p-ERK1/2 was not significantly altered after miR-7 mimic treatment. This is in agreement with our early observation that EGFR was not significantly affected by miR-7 in TSCC cell lines ( Figure 1 ). As shown in Figure 3 (B), Akt phosphorylation can be induced by IGF1 stimulation in a time-dependent manner. This IGF1-induced Akt phosphorylation can be attenuated by pre-treating the cells with miR-7 mimic ( Figure 3C ). This IGF1-induced Akt phosphorylation can be also blocked by the PI3K inhibitor LY294002.
As illustrated in Figure 4 , miR-7-mediated down-regulation of IGF1R expression in UM1 cells ( Figure 4A ) was accompanied by significant inhibition of cell proliferation ( Figure 4B) and G 0 /G 1 cell-cycle arrest ( Figure 4C ), and enhanced cell apoptosis ( Figure 4D ). Similar effects on proliferation, cell cycle and apoptosis were also observed when cells were treated with siRNA specific for IGF1R. On the other hand, enhanced cell proliferation and reduced apoptosis were observed when UM2 cells were treated with anti-miR-7 PNA. No statistically significant difference in cell cycle was observed in UM2 cells that were treated with anti-miR-7 PNA. Together with the observed miR-7 effects on IGF1-induced Akt activation, these results suggest that miR-7 regulates TSCC cell growth, at least in part, by targeting IGF1R.
DISCUSSION
miRNAs are not directly involved in protein coding, but are believed to control the expression of more than one-third of the protein-coding genes in the human genome [18] [19] [20] . Each miRNA can potentially regulate hundreds of genes at post-transcriptional levels by binding to the specific sequences in the target mRNA molecules based on 'imperfect complementarity'. However, the precise interactions between miRNA and its target genes may be further dictated by cell types and the micro-environment. Therefore miRNAs contribute to a newly recognized level of finetuning regulation of gene expression. miRNA-7 has previously been characterized as a tumour-suppressor miRNA in several human cancers by targeting a number of key signalling molecules, including IRS1, IRS2, EGFR, RAF1 and PAK1 [10] [11] [12] . On the basis of bioinformatics analysis, we further predicted a number of additional miR-7 targets, including IGF1R and PIK3CD. Our present experimental results confirmed that IGF1R, as well as IRS2 and PAK1, are functional targets of miR-7 in TSCC cells. Our results, together with recent reports on miR-7 and Akt and EGFR signalling pathways [10] [11] [12] , indicate that miR-7 contributes to tumorigenesis through multiple pathways and at multiple levels (Scheme 1).
IGF1R is a receptor tyrosine kinase that consists of heterotetramers (α 2 β 2 ) held together by disulfide bridges, and it mediates IGF1-induced signalling events. Our present results clearly demonstrate that miR-7 down-regulates IGF1R by directly targeting the 3 -UTR of IGF1R mRNA. This miR-7-mediated IGF1R down-regulation is accompanied by attenuation of Akt phosphorylation, inhibition of cell proliferation, enhanced apoptosis and cell-cycle arrest. This is consistent with the well-established IGF1R/IRS/PI3K/Akt signalling pathway that plays major roles in cell survival and proliferation. It is worth noting that IRS2, one of the previously identified miR-7 targets in glioblastoma [10] , was also down-regulated by ectopic transfection of miR-7 in our TSCC cell lines. Therefore miR-7 concurrently targets at least two major signalling molecules in the IGF1R/IRS/PI3K/Akt signalling pathway in TSCC. Furthermore, one of the PI3K members (PIK3CD) is also predicted by bioinformatics analysis to be a potential target of miR-7. One highly conserved and three poorly conserved binding sites for miR-7 were predicted in the 3 -UTR of PIK3CD mRNA. Although our luciferase-reporter-gene assays suggested that these predicted sequences in the 3 -UTR of PIK3CD are functional binding sites for miR-7 (results not shown), the expression level of PIK3CD was minimal in our cell lines. Furthermore, ectopic transfection or knock down of miR-7 did not change the expression level of PIK3CD to any significant extent. Therefore it appears that PIK3CD may not contribute significantly to the miR-7-mediated regulation of the Akt signalling pathway in our system. Nevertheless, it remains possible that miR-7 may functionally target PIK3CD in other cell types or different biological systems. It is worth noting that the PI3K family includes at least four members: PIK3CA (p110α), PIK3CB (p110β), PIK3CG (p110γ ) and PIK3CD (p110δ). PIK3CD is selectively expressed in leucocytes [21] and, together with PIK3CG, these two isoforms of PI3K contribute to the immune processes that underpin inflammatory responses. On a separate note, results from a study by Webster et al. [11] suggested that PI3K was downregulated by miR-7 overexpression in a lung adenocarcinoma cell
Scheme 1 Potential roles of miR-7 in tumorigenesis of TSCC
Solid arrows indicate the miR-7-regulated signalling pathway that is confirmed experimentally in the present study. Broken arrows indicate the miR-7-regulated signalling pathway that was suggested by previous studies. * indicates an miR-7 target predicted by a bioinformatics tool, but not validated experimentally in the present system. line (A549). However, the authors did not specify which PI3K member was affected.
Although our present study has provided evidence indicating the role of miR-7 in the regulation of the IGF1R/IRS/PI3K/Akt signalling pathway, several other functional roles for miR-7 have been previously suggested. It has been reported previously that PAK1, a serine/threonine kinase that plays a pivotal role in cell migration and invasion, is targeted by miR-7 [12] . We confirmed the miR-7 effect on PAK1 in our TSCC cell lines. miR-7 has also been suggested to be a regulator of the EGFR signalling pathway by concurrently targeting EGFR and RAF1 [10, 11] . However, we did not observe any apparent change in EGFR expression after the transfection of miR-7 mimic, and RAF1 was not expressed to any significant extent in our cell lines. Furthermore, miR-7 treatment did not alter the phosphorylation status of ERK1/2, one of the major downstream molecules of EGFR signalling. It is worth knowing that miR-7 precursors were used in the previous studies [10, 11] , whereas we used mature miR-7. Nevertheless, it is possible that this apparent difference in the miR-7 effect on the EGFR signalling pathway may be due to differences in cancer types. Alternatively, this difference may be cell-line specific. The cell lines we tested in the present study (or the cell lines used in the previous study [10, 11] ) may have specific mutation(s) that dictate the miR-7 effects on EGFR. More in-depth functional analysis will be needed to fully evaluate the effect of miR-7 on the EGFR signalling pathway.
In summary, our results indicate that miR-7 co-ordinately regulates IGF1R signalling at multiple levels. The findings shown in the present paper, in conjunction with recent reports on miR-7 and other proto-oncogenes (e.g. IRS, PAK1, RAF1 and EGFR) [10, 11] , suggest that miR-7 plays major roles in tumorigenesis. Given the centrality of the IGF1R/IRS/PI3K/Akt signalling pathway in TSCC, delivery of miR-7 as a therapeutic agent may represent an effective approach for the treatment of this disease. 
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Figure S1 Experimental manipulation of miR-7 levels in TSCC cells
UM1 cells were transfected with miR-7 mimic or control mimic, and UM2 cells were treated with anti-miR-7 PNA, as described in the Experimental section of the main paper, or scrambled LNA. Quantitative real-time RT-PCR was performed to examine the levels of miR-7 in these cells. Results shown are means + − S.D. and are representative of at least three independent experiments. *P < 0.05. (A) The miR-7-targeting sequence E1, (B) the miR-7-targeting site E2, and (C) the miR-7-targeting site E3. The seed regions are shown by solid lines above the sequence alignments. Hsa, human; Ptr, chimpanzee; Mml, rhesus; Oga, bushbaby; Tbe, treeshrew; Mmu, mouse; Rno, rat; Cpo, guinea pig; Ocu, rabbit; Sar, shrew; Eeu, hedgehog; Cfa, dog; Fca, cat; Eca, horse; Bta, cow; Dno, armadillo; Laf, elephant; Ete, tenrec; Mdo, opossum; Oan, platypus; Aca, lizard; Gga, chicken; Xtr, frog.
Figure S3 miR-7 targeting of the 3 -UTR of IGF1R mRNA
A 276-bp fragment from the 3 -UTR of the IGF1R gene (position 7640-7916, GenBank ® accession number NM_000875, containing the miRNA-7-binding sites E1 and E2) and a 78-bp fragment from the 3 -UTR of IGF1R (position 10054-10132, GenBank ® accession number NM_000875, containing the miRNA-7-binding site E3) were cloned into the XbaI site of the pGL3 firefly luciferase reporter vector (Promega). Cells were transfected with these reporter contructs (named pGL-E1E2 and pGL-E3 respectively) and pRL-TK vector (as an internal control for transfection efficiency) using Lipofectamine TM 2000 (Invitrogen), and treated with miR-7 mimic, control mimic or a non-targeting miRNA mimic (miR-138 mimic). Dual-luciferase reporter assays were performed as described in the Experimental section of the main paper. Results shown are means + − S.D. and are representative of at least three independent experiments. *P < 0.05.
